Previous studies in both typically and atypically developing children have shown that approximate number system (ANS) abilities predict formal mathematical knowledge later on in life. The current study investigated whether playing specially designed training games that targets the ANS system using nonsymbolic stimuli only would improve preschool children's ANS abilities. Thirty-eight preschool children were randomly allocated to either the training or control group. For 5 weeks, 20 preschoolers (9 girls) in the training group played daily games for 10 min that included guessing and comparing numerosities, whereas 18 control children (6 girls) were involved in interactive picture book reading sessions. Children's ANS abilities were assessed using a computerized task before and after the training program. An analysis of covariance with posttraining ANS scores as dependent variable and pretraining scores as a covariate showed that the children in the training group had higher ANS abilities after the training, in contrast to children in the control group (p ϭ .012, p 2 ϭ .171). This study provides evidence that ANS abilities can be improved in preschool children through a daily training program that targets the ANS specifically. These findings provide support for further training programs for preschool children who show mathematical difficulties early on in life.
als, change operations, and understanding numbers.
In addition to these symbolic-related number capacities, our approximate number system (ANS) ability allows us to quickly estimate quantities without the use of symbols or language. So far, only a few studies have examined methods to improve ANS abilities (Dewind & Brannon, 2012; Hyde, Khanum, & Spelke, 2014; Park & Brannon, 2013) . These studies show that it is possible to improve ANS abilities for adults and school-age children. However, it is currently unclear whether earlier intervention programs that target the ANS specifically would be effective in preschool children. As it is possible that ANS improvements observed in adults and school-age children are mediated by symbolic knowledge (Lyons, Price, Vaessen, Blomert, & Ansari, 2014; Nys et al., 2013) , it is necessary to examine whether ANS abilities can be improved through training programs in young children who have had no formal education yet.
The Approximate Number System
Children's understanding of numerosities is helped by a nonverbal innate capacity for processing numerosities (Butterworth, 2005; Piazza, 2010) . Evidence from studies examining number abilities in infants and animals suggest that there are two early preverbal systems for numerical quantification (Feigenson, Dehaene, & Spelke, 2004; Xu, 2003) . One of the systems is used to represent small numerosities and it has been argued that this system is very precise and is akin to a memory system or object tracking system. This system has been linked to subitizing abilities that allow very quick and accurate estimation of small sets of either thee or four items (Feigenson et al., 2004 ). In contrast, the ANS is a noisy, imprecise, nonverbal system that allows fast discrimination of large numerosities without counting or the use of numerical symbols. This system relies upon the ratios between stimuli that are presented, known as Weber's fraction (w). Over development, children's ANS system increases in precision and children become better at discriminating between smaller ratios (Feigenson, Carey, & Hauser, 2002; .
One dominant theory is that ANS abilities serve as a foundation for symbolic mathematics.
Studies in both typical development and developmental disorders have shown that the ANS is predictive for number ability outcomes later on in life and that interindividual differences in w can be explained by differences in ANS acuity (Halberda, Mazzocco, & Feigenson, 2008; Libertus, Feigenson, & Halberda, 2011; Mazzocco, Feigenson, & Halberda, 2011a , 2011b Van Herwegen, Ansari, Xu, & Karmiloff-Smith, 2008 ). Yet, other studies have failed to find a relationship between mathematical abilities and ANS acuity (see De Smedt, Noël, Gilmore, & Ansari, 2013, for a discussion). Moreover, recent evidence has shown that the relationship between ANS and mathematical abilities might be affected by informal and formal education (Lyons et al., 2014; Nys et al., 2013) but others have disputed the effect of schooling on nonsymbolic magnitude processing (Zebian & Ansari, 2012) .
ANS Training
Information about the malleability of ANS abilities would be the first step to understand how ANS contributes to math skills. So far, only a few studies have examined the possibility to specifically improve ANS abilities, that is, the ability to quickly estimate which side has more, and these have been mainly focused on schoolchildren and adults. A number of studies have shown that training of nonsymbolic comparison tasks or quantity comparison tasks in which participants had to add or subtract amounts of dots improve symbolic number abilities (Hyde et al., 2014; Park & Brannon, 2013 . For example, Park and Brannon (2013) trained adults over 10 sessions on an approximation task in which participants were shown addition and subtraction sums of visually presented dot areas varying from 9 to 36 dots. The participants were asked whether the outcome was larger or smaller than a third visual array displayed or matched a third display. The results showed that participants performed better on the approximation task after 10 training sessions and that this in turn had a positive impact on their ability to solve multidigit addition and subtraction problems. A recent study by Hyde and colleagues (2014) showed that 6-year-olds who received training over two sessions on nonsymbolic approximate numerical addition tasks were faster to complete exact symbolic addition test problems. Still, these studies have mainly included participants who already have some formal mathematical training and thus it is unclear whether previous symbolic mathematical knowledge drives participants' improvement in ANS accuracy.
One training program that is centered on strengthening the connection between symbolic number representation and nonverbal numerosity representation in preschool children is the "Number Race." The results of this training program have been mixed in that primary school children with mathematical learning difficulties showed improved ANS acuity and subtraction skills after 5 weeks of training (Wilson, Revkin, Cohen, Cohen, & Dehaene, 2006) , whereas preschool children from low socioeconomic backgrounds only improved for symbolic number comparisons and not for ANS acuity (Wilson et al., 2009 ). Thus, there currently is no firm evidence that ANS acuity can be improved in preschoolers. In addition, the Number Race game includes symbolic stimuli as well as nonsymbolic stimuli. Therefore, intervention studies using the Number Race cannot provide further insight into the cognitive mechanisms that drive the relationship between ANS acuity and number development as either symbolic, nonsymbolic or both types of stimuli together might drive the enhancement.
The Present Study
The current study explored whether ANS acuity can be improved in preschoolers who have not received any formal mathematical education yet. Specifically, we investigated whether typically developing 2-to 5-year-old children who played specially designed comparison and estimation games, called Preschool Number Learning Scheme (PLUS), that include only nonsymbolic materials would show improved ANS abilities, in comparison to an active control group. It was predicted that if the PLUS games improved ANS abilities, children in the training group should have better ANS scores after the training than the control group.
Method Participants
Originally 52 children between the ages of 2 years and 5 months and 4 years and 9 months were recruited from five private nurseries within the Royal Borough Kingston in Southeast of United Kingdom. Fourteen children did not complete the program either due to illness, the fact they went on holiday for a number of weeks, or they had left the nursery by the time posttraining assessment took place, leaving 38 children for whom data could be collected both at pre-and posttraining (see Figure 1) . The children who did not complete the study did not differ from those in the final sample in terms of socioeconomic status (SES), pretraining abilities, age, or general intelligence (all ps Ͼ 0.05).
Mothers' highest level of education was used as a proxy to establish the SES of the sample, as parental education is considered to be one of the most stable aspects of SES (Sirin, 2005) . In addition, the South East of the United Kingdom is seen as an affluent area in that it ranks eighth out of 149 in the Child Wellbeing Index , which suggests that it has the eighth lowest distribution of income deprivation within the United Kingdom. In addition, all parents paid privately for their child's nursery placement. Therefore, it can be assumed that the majority of the participants in the study did not include any children from low SES backgrounds. Four per cent of mothers did not have any qualifications when leaving secondary school, 19% were educated to A levels (high school diploma), 11% had vocational equivalents, 62% of mothers held a degree, and 4% held a doctorate. In addition, all families spoke English at home and none of the children had a diagnosis for a developmental disorder or had problems with vision or hearing.
This study was approved by the Ethics Committee for Arts and Social Sciences at Kingston University, London. Parental written consent was obtained for all children as well as children's verbal assent before the start of the study.
Materials
British Ability Scales (BAS3). The BAS3 is a standardized assessment battery for children aged 3 to 17 years old and measures verbal, nonverbal and general reasoning abilities. We carried out six core scales of the Early Years cognitive battery, which were used to derive a general cognitive ability (GCA) standard score (BAS3; Eliot & Smith, 2011 ) which has a mean of 100 and a standard deviation of 15 points on either side. The technical manual reports an average test-retest reliability coefficient for the composite GCA scale of .93 (range ϭ .91-.94) for the early year age range.
ANS abilities. Children's ANS abilities were assessed pre-and posttraining using the ANS test. This computerized test was based upon the materials used in . However, in contrast to the original test by , children responded by touching a screen to reduce eye-hand coordination difficulties. Children received motivational feedback for both practice and test items to encourage children to stay on task. For a correct answer, a green smiley face appeared with a cheering sound. For incorrect responses, a red sad face appeared with the sound "oh." Following four practice trials, 60 test items trials were presented in random order using the software program Eprime 2.0 software (Psychology Software Tools, Pittsburgh, PA). The trails included two pictures displaying different ratios of 1-16 dots (see Table 1 ). Each ratio was presented six times using six different overall contour lengths and layouts (2.9981, 4.1012, 5.0912, 5.9397, 6.2225, 6 .7034 cm total diameter length). Children were asked to touch the picture that showed "more." The number of correct responses was recorded. There was no time re- a Either because children went on holiday or because they opted out from the games. striction to answer but children were encouraged throughout the game to answer as fast as they could. All children scored at least 3 out of the 4 practice trials correctly (see Table 1 ). The ANS test was carried out within 1 week before and after the training by a different researcher than the one who provided the training to ensure that researchers were blind to the group the child belonged to. The ANS test included both small quantities that are within the subitizing range (one to three dots), and thus, the number of dots could have been exactly estimated compared to those sets that have larger quantities and which could only be approximately estimated. Evidence from research in neurodevelopmental disorders (KarmiloffSmith et al., 2012; Van Herwegen et al., 2008; Van Herwegen & Karmiloff-Smith, 2015) has suggested that large quantity discrimination but not small quantity discrimination taps into ANS abilities. There is currently still debate as to what quantities (i.e., three or four items) can be processed by a "small" or object-file system and which ones are processed by the ANS that is responsible for the estimation of larger amounts. In the final ANS scores we therefore only included the answers for those ratios that fall clearly outside the subitizing range (i.e., Cronbach's alpha for the final included items was .74.
Procedure
Within each nursery, the participating children were randomly allocated to either the training or control group with an allocation ratio of 1:1. Random allocation happened through the use of an online random number generator. Both types of intervention programs included physical games and both groups continued to take part in their day-to-day activities in the preschool settings (i.e., the training programs described below did not replace the usual activities).
PLUS Training program. Children in the training group followed the PLUS and it was aimed that children should play games for 10 min each day for a time period of 5 weeks, either on a one-to-one basis with a trained researcher or in small groups of two children and a researcher. However, due to the fact that preschool children are not obliged in the United Kingdom to attend preschool every day, not all children received training on a daily basis.
The PLUS games include two types of games, each type matching a function of the ANS system: four approximation or estimation games to and four games in which children were asked to compare or differentiate between different amounts of various ratios. The tasks were adapted from games familiar to preschoolers and the stimuli of the games related to a variety of senses, including touch, sounds, and visual stimuli, as theoretically the ANS has been argued to be an amodal system (Feigenson et al., 2004) . For those games that included cards, factors that are confound with number (such as contour length and total area) were controlled for by including objects of different sizes. A description of each game can be found in the Appendix.
During each session, the child played one guessing and one comparison game. In all games the children were prevented from counting by not providing children the time to count (i.e., by asking the children to compete with each other and completing the game as quickly as they could) or by showing the stimuli only for a very short time (about 1 s). All of the games started with large ratios (i.e., 1:2) or clear differences between the number of items presented to explain the aim of the games and the ratios became harder (e.g., 6 vs. 8) and the number presented larger as the weeks of training progressed to train the child's ANS abilities.
For all games, children received feedback about whether or not they had chosen the correct amount. For the guessing games, this feedback never included the actual number but a discussion about the size of the numbers. For example, if the child replied 16 and another child said 5, the researcher would discuss that 16 is much larger than 5. In addition, the games were semi-randomly rotated on a daily basis between children so that on each day they played a different guessing and a different comparison game to the day before. However, all children played the same types of games for the same amount of time across all of the sessions.
Control training program. Children in the control group took part in interactive or shared picture book reading with a researcher, either in a one-on-one session between child and researcher or in small groups of two children with a researcher for 10 min per day for 5 weeks. The control group was included to ensure that progress in the training group was not caused by development in general or any number games the children played in the nursery other than the PLUS games.
Five full-time postgraduate researchers (one per nursery), who were full-time students in a master of science in child psychology program and who had experience with standardized assessments as well as working with preschool children, were trained over five sessions of 2 hr for 5 weeks prior to the intervention programs by the first author to implement both of the training programs with children in the control and experimental group from one nursery. The training included a training manual, role-play sessions, as well as practice with feedback. The researchers were not informed about the aim of the study, except that the training programs would be beneficial to preschoolers' general abilities. The first author visited each preschool setting twice during the 5-week training program to ensure treatment fidelity through qualitative observations of the sessions, which focused on the difficulty level of the games, type and amount of feedback provided by the researcher. For any differences from the training manual observed, researchers received verbal feedback and were instructed to consult the training manual. However, no serious treatment fidelity issues were observed. In addition, researchers were provided with a randomized order of the types of games to play during each session. The researchers noted down the number of sessions for each child.
Results
There was no difference between the two experimental groups for chronological age, t(36) ϭ Ϫ.32, p ϭ .753. Although GCA scores from BAS ranged from "below average" to "very high" (83-141), there was no difference between the two groups; t(34) ϭ Ϫ1.01, p ϭ .320, Cohen's d ϭ .09. As shown in Table 2 , the two experimental groups did not differ for the amount of one-on-one sessions received, t(36) ϭ 1.57, p ϭ .125, Cohen's d ϭ .33. There was no difference for the number of boys and girls included in each group, 2 (1, N ϭ 38) ϭ .40, p ϭ .463, Cohen's d ϭ .34. A five by two Chi-square analysis showed no differences for SES between the groups: 2 (5, N ϭ 38) ϭ 4.714, p ϭ .452. Therefore, these factors were not further included as covariates in the analyses.
Both the pre-and posttraining ANS scores were normally distributed, and thus, parametric tests were carried out. In addition, both groups performed above chance level (scores above 20/36). An analysis of variance showed no differences between the two groups for pretraining scores ANS scores, F(1, 37) ϭ 1.136, p ϭ .294, p 2 ϭ .031. The children in the PLUS training program obtained an average score of 21.65 (SD ϭ 5.55) and those in the control program had a mean pretraining score of 23.61 (SD ϭ 5.79). An analysis of covariance (ANCOVA) 2 with posttraining scores as the dependent variable and pretraining scores as a covariate showed a significant effect for group, F(1, 37) ϭ 5.57, p ϭ .024, p 2 ϭ .141, and for pretraining scores, F(1, 37) ϭ 56.935, Ͻ .001, p 2 ϭ .626. As can be seen in Table 3 , only the training group increased on large quantity dis-2 We chose to complete an ANCOVA analysis as repeated measures analysis examines the effect of the treatment on both the pretest and posttest scores whereas for the current intervention programmes only an intervention effect on the posttest scores was expected. Thus, an ANCOVA rather than a repeated measures analysis was chosen to avoid a very conservative F value for the treatment (see Huck & McLean, 1975 , for a discussion). crimination posttraining and adjusted means show that they have higher ANS scores at posttesting compared to the control group.
Discussion
The current study investigated whether playing PLUS games that target the ANS system using nonsymbolic stimuli only would improve preschool children's ANS abilities, in contrast to a group of preschoolers who were involved in interactive book reading sessions for five weeks. As expected, our findings showed that the children in the PLUS training group significantly increased their ANS skills compared to the active control group. The PLUS games target two main functions of the ANS: comparison of large numerosities as well as estimation. The researcher manipulated the ratios of the amount of objects presented starting with easy ratios and small amount within the subitizing range to explain the games and then moved on to large numerosities and more difficult ratios during the training, based upon the child's abilities and correct responses to easier trials. Children started with numerosities that were far apart but this distance became smaller as they progressed through the program. In addition, children received varying ratios as they progressed through the training program and this resembled the progression observed in previous studies, with infants being able to discriminate between larger ratios and older children being able to discriminate between smaller and more difficult ratios (Feigenson et al., 2004) . Therefore, the PLUS games target the distance effect as well as the size effect which resulted in a better posttraining ANS acuity scores for all children in the training group.
Implications for Research and Practice
This encouraging result is consistent with previous studies of ANS training in adults and school-age children (Hyde et al., 2014; Park & Brannon, 2013 . Moreover, Wilson and colleagues (2006) provided evidence that improving ANS abilities is possible in primary school children with a training program (the Number Race) centered on strengthening the connection between symbolic number representation and nonverbal numerosity representations. The current results are in line with this previous study by Wilson and colleagues (2006) and provide evidence that ANS acuity can be improved in preschoolers using only nonsymbolic stimuli. This finding is important for future studies that may want to further examine the underlying mechanisms of the relationship between ANS acuity and formal mathematical abilities by examining how this improvement in ANS acuity using nonsymbolic stimuli relates to symbolic mathematical knowledge in preschoolers.
Previous studies have also shown that the relationship between ANS precision and mathematical abilities is stronger in children who are at risk of developing mathematical difficulties (Mazzocco et al., 2011a) . Therefore, future studies might want to target children who are at risk for mathematical difficulties, as they might show even stronger improvements for mathematical abilities following training using PLUS games.
Limitations
The current study used strict inclusion criteria and due to the nature of working with young preschool children in nurseries in the United Kingdom where attendance is not obligatory, the number of children included in the final sample was relatively small. However, the effect sizes were medium to large (Cohen, 1988) and the total number of children per group is similar to those in other training studies with preschoolers (Kroesbergen, van 't Noordende, & Kolkman, 2014; Siegler & Ramani, 2008; Whyte & Bull, 2008) . A second limitation regards the lack of information about the durability of any gains made by training. Recent studies have shown that home-environment plays an important role in preschool children's mathe- matical abilities (Benavides-Varela et al., 2016; Melhuish et al., 2008) . The current study did not examine the role of the home environment on the effect of the training programs and did not include any children from low SES backgrounds. Instead, the current study focused on whether ANS abilities could be improved in preschool children and not on the individual differences that may interact with such improvements. Further follow-up studies are needed, especially those with larger sample sizes, to examine whether beneficial effects of preschool training on ANS acuity are maintained over time, as well as how these effects are mediated by the number of training sessions, SES, gender differences, overall cognitive abilities as well as by treatment fidelity and implementation. Finally, the current study only recorded improvements on a classic ANS task in which children select the picture that shows a larger set of dots on the screen. However, previous studies have shown that the reliability of such tasks depends on a number of methodological issues, including the number of trials and the size and ratios of the dots shown (see Brannon, 2016 and Clayton, Gilmore, & Inglis, 2015 , for a discussion). Therefore, it is important that the results for the ANS task are backed-up by other measures as well as there is no data about the test-retest reliability of the ANS task in the current study. In addition, the increase on the ANS task is minimal and thus it is not known what the educational relevance is of this increase. Additional measures, such as number line data as well as performance on formal mathematical tasks would provide further insight into the validity and reliability of the current results.
Conclusions
Although more research in this area is required, the current study contributes to the understanding of mathematical learning and provides evidence that ANS abilities in preschool children can be improved through games that target the ANS directly using nonsymbolic stimuli only. The successful results obtained may open the door for further ANS training programs for children who show mathematical difficulties early on in life, which, in turn, may improve their numerical skills later in life.
8. Action game. In this game, the experimenter performed a number of actions (e.g., clapped her hands a lot or only a few times) and the child was asked to repeat the number of time the action was performed. Actions were carried out very quickly to prevent counting. As with all games, the researcher manipulated the amount of actions presented starting with smaller numbers (four claps) and then increasing the amount as the weeks progressed.
